Introduction
The choroid is a vascular layer that supplies the retina with oxygen and nutrition. Until recently, the only diagnostic tool for visualization of choroid was indocyanine angiography. This is an invasive intervention and can only present blood flow and not histological sections. Optical coherence tomography (OCT) devices were primarily designed to visualize the retina and did not reveal structures lying beneath the retinal pigment epithelium due to light scattering on choroidal vasculature. The function of the choroid is associated with many diseases affecting the retina. Thus, imaging and quantitative assessment of choroidal tissue may be of value for the diagnosis of many retinal and choroidal diseases. Spaide et al., using spectral domain OCT (SD-OCT), (Spectralis OCT Heidelberg Engineering, Heidelberg, Germany), was the first to present that SD-OCT may enable the creation of an inverted image when the device is moved closer to the eye. Since SD-OCT has the highest sensitivity near to zerodelay and sensitivity decreases for larger delays, by inverting the OCT image, the choroid is closer to the zero-delay line, providing enhanced sensitivity and increased imaging depth. The device was called EDI-OCT (enhanced depth OCT) [1] . Other authors have confirmed this observation using other commercially available SD-OCT devices [2] . The inverted image in SD-OCT enables measurement of the choroid at several points. However, the system cannot create 3-dimensional choroid maps as the choroidoscleral boundary may not be detected in all cases due to scattering and low penetration through the RPE, which is influenced by the wavelength used. Some authors attempted to measure choroidal thickness and volume after manual choroidal segmentation [3] . This is perhaps too time-consuming and too complicated for everyday ophthalmic practice. The ability to create choroidal maps, with repeatability similar to the way current SD-OCT devices enable the creation of retina maps, could enable us to precisely determine the mean choroidal thickness in healthy subjects and possibly add information to the pathogenesis and course of various retinal diseases. To produce repeatable choroidal maps, we need exact delineation of the outer choroidal layer, which may be obtained by using a longer light wavelength [4] .
The commercially available swept source OCT (SS-OCT; DRI-OCT, Topcon, Japan) uses a longer wavelength than SD-OCT (1050 nm versus 840 nm). Longer wavelengths overcome much of the scattering of light on choroidal vasculature, thus it enables a more exact visualization of the choroid. The purpose of the current study was to determine choroidal thickness and volume in healthy subjects with a commercially available SS-OCT device, furthermore, to correlate the results with age, refractive error, and axial length measured with optical low-coherence reflectometry.
Material and Methods
We included into this prospective study 122 eyes of 122 healthy volunteers with no visual symptoms or history of ocular disease. The Institutional Ethics Committee Board approved the design of the study. The study is also in adherence with the Declaration of Helsinki. All patients had a comprehensive ophthalmic examination. We carried out OCT imaging using the first commercially available SS-OCT device (DRI-OCT, Topcon, Japan) with a wavelength of 1024 nm and used optical low-coherence reflectometry to measure axial length by optical biometry (Lenstar LS 900, Haag-Streit, Switzerland). Axial length measurement is reportedly very precise with this device, as it is based on a similar mechanism to time domain OCT [5] . We measured spherical equivalent refractive error with an Auto Refractometer (NIDEK Co., Ltd., Japan).
Only patients with no abnormalities both in ophthalmic examination and in SS-OCT were included in the current analysis. Patients with a high refractive error were also included. To exclude diurnal variations all examinations were performed at the same time (3-6 pm). It was estimated in earlier studies that axial length is stable during this time period, lower than that at noon and higher than that in the evening [6] .
In all cases, two experienced examiners performed two scanning protocols. First, for manual estimation of choroidal thickness we took a single line scan with a resolution of 3 m, built from 1024 A-scans with a length of 12 mm. Second, we carried out a 3-dimensional scanning protocol with 3 m axial resolution and a speed of 100,000 A-scans per second. In this protocol, 256 B-scans were taken on an area of 12 × 9 m.
We took manual choroidal thickness measurements between the line representing retinal pigment epithelium, the outer most hyperreflective retinal layer, and the line representing lamina suprachoroidea, the outer hyperreflective line of the choroid. The caliper used for manual segmentation was included in the software. Black on white images were analyzed to exactly spot the outer choroidoscleral boundary (Figure 1(a) ).
We utilized the built-in choroidal segmentation tool to automatically define the outer border of the choroid and measured choroidal thickness between the lines indicating retinal pigment epithelium and the choroidoscleral boundary (lamina suprachoroidea) [7] . Choroidal thickness and volume were automatically calculated using the builtin software ( Figure 1 ). We calculated numeric averages of the measurements for each of the 9 map sectors defined by the early treatment diabetic retinopathy study (ETDRS) [8] . The inner and outer rings with diameters of 3 mm and 6 mm, respectively, were segmented into 4 quadrants. Mean choroidal thickness at the fovea was defined as the average thickness in the central 1000 m diameter of the early treatment diabetic retinopathy study layout (Figure 1(b) ).
Using linear regression analysis and stepwise multiple regression analysis, we investigated the relationship between foveal choroidal thickness and age, sex, spherical equivalent of the refractive error, and axial length. ANOVA on ranks test was performed to compare choroidal thickness and volume in different quadrants. We performed statistical analysis with commercially available software (SigmaStat 3.5 for Windows). 
Results
The current study included 122 eyes of 122 healthy volunteers. Their mean age was 43 years (15-79 years, SD: 17 years); 52 subjects were male and 70 were female. Spherical equivalents varied from −22 diopter to +6 diopter. 27 eyes were emmetropic, 85 eyes were myopic (44 had high myopia: considered as spherical equivalent >6 D), and 10 eyes were hyperopic. The mean axial length measured with optical lowcoherence reflectometry was 25.07 mm (21.33 mm-31.04 mm; SD: 2.19 mm).
3.1.
Choroidal Thickness. Table 1 shows the mean choroidal thicknesses by sector. Fovea thickness measured manually was significantly thicker than when measured automatically ( = 0.04), which may be explained by the fact that the manual measurement is a focal measurement and that the automatic measurement measures the mean thickness in a circle with a diameter of 1000 m. In eyes with high myopia the automatic and manual measurements did not differ ( = 0.42), which may be explained by the lack of focal central increased choroidal thickness in high myopia.
Focal measurements of foveal choroidal thickness were significantly thicker than when automatically measured in all quadrants ( < 0.001). Automatically measured foveal choroidal thickness did not significantly differ from any quadrant in the inner ring (inferior quadrant: = 0.4, superior quadrant = 0.8, nasal quadrant: = 0.08, and temporal quadrant = 0.59) but it was significantly thicker than the nasal quadrant in the outer ring (inferior quadrant = 0.2, superior quadrant = 0.3, nasal quadrant: < 0.001, and temporal quadrant = 0.57). Also in the inner ring the choroid was not statistically different on any side of the fovea (nasal versus temporal: = 0.727; inferior versus superior: = 0.293). In the outer ring, the choroid nasal to the fovea was thinner than inferior to the fovea ( = 0.034), superior to the fovea ( < 0.001), and on the temporal side ( < 0.001).
Choroidal Volume.
Choroidal volumes in the outer temporal, superior, and inferior quadrant are bigger than in the outer nasal quadrant ( < 0.001). Table 2 shows the mean choroidal volume by sector.
Central choroidal volume was significantly smaller than in all quadrants of the inner and outer rings ( < 0.001). However, choroidal volume in different ETDRS subfields is measured from different geometrical figures. Choroidal volume in the fovea is the volume of a cylinder with an upper and lower diameter of 1000 m and the height of the cylinder is the foveal choroidal thickness ( = 2 ℎ; -cylinder volume, -radius, and ℎ-height). Choroidal volumes in the inner and outer quadrants are volumes of irregular geometrical figures with base diameters bigger than the foveal, which explains why the choroidal volume values in all subfields are bigger than in the center and that they should not be compared directly. What we can separately compare are the values in the inner circle and the values in the outer circle. In the inner circle no statistical difference was observed between particular subfields (Kruskal-Wallis oneway analysis of variance on ranks; = 0.2, = 4.071). In the outer circle the nasal subfield had significantly lower volume than all other subfields (Tukey's test, < 0.05).
Adequacy of the Automated Segmentation.
In all cases the examiner was able to estimate the outer choroidal boundary. However in 16% of cases a discrepancy existed between the examiners estimation and the automated measurement. In those cases the automatically drawn lines were manually corrected by the examiners. 
Relation to Sex, Age, Refractive Error, and Axial Length.
Sex was not found to significantly influence choroidal thickness in the whole group ( = 0.47).
Age was found to be negatively correlated with central choroidal thickness (both when automatically measured and manually measured; < 0.001) and with central choroidal volume ( < 0.001). Regression analysis revealed that choroidal thickness decreases 1.289 m each year 2 = 0.08 (Figure 2) .
Choroidal thickness and volume are also negatively statistically significant dependent on the refractive error ( < 0.001). Regression analysis showed that choroidal thickness decreases 12.7 m with each diopter ( 2 = 0.25). Axial length measured with low-coherence reflectometry was also found to be negatively correlated with choroidal thickness and volume ( < 0.001). Regression analysis shows that choroidal thickness decreases 28 m with each mm of axial length ( 2 = 0.3) (Figure 3 ). We also performed stepwise multiple regression analysis to calculate which of the factors, age, axial length and refractive error, are associated the most with choroidal thickness. Age was estimated as the most significant factor ( = 23.146, < 0.001) followed by axial length ( = 4.902, = 0.03). Refractive error showed no significant association with choroidal thickness in multiple regression analysis ( = 1.16, = 0.28).
Stepwise regression analysis also revealed that foveal choroidal volume can be predicted from a linear combination of two independent variables among the above mentioned factors: age ( = 22.711, < 0.001) and axial length ( = 39.366, < 0.001). Refractive error was not estimated as an independent factor in the stepwise regression analysis ( = 2.952, = 0.08).
Discussion
The Topcon DRI-OCT machine we used was the first commercially available device of its kind. It enables automatic creation of choroidal volume and thickness maps. To date (PubMed Medline) this study involves the largest patient population examined, in which automatically measured choroidal thickness and volume are correlated with sex, age, refractive error, and axial length, not only in normal subjects but also in high myopia and hyperopia (from −22 diopter to +6 diopter).
Stepwise multiple regression analysis confirmed that choroidal thickness and volume, measured with a commercially available SS-OCT device, correlate with two independent variables, axial length, measured with optical lowcoherence reflectometry, and age. The choroid both is the thinnest and has the smallest volume nasally. The focal increase of choroidal thickness at the fovea may be explained by increased metabolism.
EDI-OCT was earlier used to measure choroidal thickness. It has the highest sensitivity near to zero-delay and that sensitivity decreases for larger delays; an inversion of the OCT image was proposed, to move the zero-delay line closer to the choroid, providing enhanced sensitivity and increased imaging depth. Choroidal thickness can then be assessed with point-to-point manual caliper measurement taken on a single line scan, which is limited to the subfovea [9] [10] [11] . Some authors have suggested using the 6-line scanning protocol to obtain more information [12] . Volume measurement is obtained from compilation of a series of B-scans. To enable automated volume measurement the resolution of borders of the measured area must be clearly visible and distinguishable in all cases. Even if SD-OCT is able to provide retina volume measurements, no commercially available device is able to create choroidal thickness and volume maps. This is probably due to the fact that choroidoscleral boundary is not perfectly visible in all cases. As swept source OCT devices employ a longer light wavelength (1050 nm versus 840 nm in SD-OCT) they overcome much of the scattering of light on choroidal vasculature. SS-OCT obtains time-encoded information by sweeping a narrow-bandwidth laser through a broad optical spectrum. The backscattered intensity is detected with a photodetector and not with the spectrometers and CCD cameras used in SD-OCT devices. CCD cameras have a finite pixel size and thus there is a drop-off in signal with depth. Using photodetectors instead has led to a further increase in the potential resolution (1 m). The scan speed in swept-source instruments is twice that of SD-OCT devices (100,000 A-scans/sec compared to 50,000 A-scans/sec.). This enables faster acquisition of B-scans and a more accurate 3-dimensional image of the retina and choroid. It was earlier confirmed that despite the different wavelengths choroidal measurements performed with EDI-SOCT and SS-OCT are highly comparable [13] .
This paper is the first to present automatic choroid thickness and volume measurements performed with a commercially available SS-OCT device in a wide range of patients in regard to age (15-79 years) and refractive error (−22 diopter to +6 diopter). The possibility of obtaining choroidal volume scans was presented before [14] .
At 221 m the mean subfoveal choroidal thickness we measured with SS-OCT is lower than that previously reported in SD-OCT studies (272 m-354 m) and is lower than the results obtained with the prototype version of SS-OCT performed on Japanese subjects (354 m) [14] .
However, the mean focal subfoveal choroidal thickness (choroidal thickness at the foveola) measured manually was 259 m, which is more comparable to the previous results mentioned above. The different results may be due to differences in how the measurements are taken. With the earlier SD-OCT machines and the SS-OCT prototype, choroidal thickness measurement is possible only manually at certain spots whereas we were additionally able to measure the mean subfoveal choroidal thickness in all 9 map sectors as defined by ETDRS. Thus, automatic foveal choroidal thickness measurement corresponds to an area with a diameter of 1000 m, centered on the foveola. The results we obtained may indicate that any increase in choroidal thickness is only focal and that thickness decreases with the distance from the foveola. Additionally in our group many myopic subjects were included. Another explanation may be that the difference is due to incorrect measurement by the automated software.
Our study confirms earlier SD-OCT and prototype SS-OCT reports that the choroid is thinnest on the nasal side of the fovea. Automatic measurement in certain sectors additionally enabled us to determine that this decrease reaches statistical significance about 1.5 mm from the foveola.
Moreover, this paper is the first to present quantitative measurement of choroidal volume. We succeeded in confirming that choroidal volume is lowest on the nasal side of the fovea, with statistical significance about 1.5 mm from the foveola. Choroidal volume in different ETDRS subfields is measured from different geometrical figures, thus central volume cannot be compared with volumes in the outer and inner rings. Choroidal volume in the fovea is the volume of a cylinder with an upper and lower diameter of 1000 m and the height of the cylinder is the foveal choroidal thickness ( = 2 ℎ; -cylinder volume, -radius, and ℎ-height). Choroidal volumes in the inner and outer quadrants are volumes of irregular geometrical figures with base diameters bigger than the foveal, which explains why the choroidal volume values in all subfields are bigger than in the center. Our SS-OCT study presents a mean subfoveal choroidal volume of 0.17 mm 3 , which is lower than in the earlier SD-OCT studies by Shin et al., who reported 0.24 mm 3 [12] .
Using multiple regression analysis, we demonstrated that choroidal thickness independently correlates with age and axial length. Correlation between choroidal thickness and age is well established. Autopsy studies have reported a 1.1 m decrease per year, previous SD-OCT studies have suggested 0.9 m-1.54 m per year, and early SS-OCT studies performed with a prototype device reported that the mean decrease is about 14 m every 10 years [13] [14] [15] [16] [17] . Our study presents a yearly mean decrease of 1.289 m. Our figure may be affected by the 2 measurements in our study being as low as 0.08 which, in itself, confirms the great interindividual variability also reported by Ikuno et al. [15] . In our study for example, three 20-year-old patients had an axial length of 24 mm yet their central choroidal thickness varied from 288 m to 361 m. Ruiz-Moreno et al. on the other hand reported no differences in choroidal thickness between pediatric and older populations [18] . It may require further studies to determine which other factors are responsible for intraindividual changes in choroidal thickness. It may vary with race or other genetic predispositions or other unknown factors.
Regression analysis also revealed that choroidal thickness decreases 18.7 m with every decrease of 1 diopter ( 2 = 0.2). This is more than what Ikuno et al. proposed (9.3 m per diopter) perhaps because their analysis only included healthy subjects without high myopia whilst our group analyzed a wider spectrum of refractive errors (from −22 to +6 diopter).
Multivariate analysis by Ikuno et al. suggested that refractive error also independently correlates with choroidal thickness whereas we found no correlation. Again, this may be because Ikuno et al. included a low spectrum of axial lengths and refractive errors in their study and we investigated individuals from high myopia to hyperopia [15] .
To conclude with, SS-OCT enables automatic creation of choroidal thickness and volume maps.
This study presents that choroid is at its thinnest nasally, about 1.5 mm from the fovea. Choroidal volume is also lowest on the nasal side.
Multivariate analysis confirmed that choroidal thickness independently decreases with increasing age and higher axial length.
